The interaction of nanoscale NaCl particles with 193-nm photons is studied to better understand particle disintegration and production by ultraviolet photofragmentation. The particles are irradiated in a constrained air stream with laser fluences from 0.08 to 0.23 J / cm 2 with single and multiple pulses striking the particles. The resulting particle size distributions are measured with a scanning mobility particle sizer and the morphology is analyzed qualitatively by scanning electron microscopy ͑SEM͒. Photofragmentation of NaCl particles at 193 nm produces gas-phase species as well as small solid-phase fragments without significantly heating the particles or creating a plasma. The irradiated particles have a mean diameter from 20 to 55 nm ͑depending on the photon energy͒ and a number concentration an order of magnitude higher than the 118-nm mean diameter nonirradiated particles. The SEM images before and after 193-nm irradiation reveal that the irradiated particles are less fractal and more spherical.
I. INTRODUCTION
The interaction of laser light with particles is of interest to both basic and applied scientists and engineers. Fundamental properties of particles, including the chemical composition and species concentration, can be measured through particle disintegration in instruments such as the aerosol time-of-flight mass spectrometer ͑ATOFMS͒.
1 The signal measured in this technique depends on the species type and concentration after the disintegration process. The disintegration of nanoparticles is not well understood, as it is a complex phenomenon that depends on numerous factors including laser wavelength, pulse duration and energy, and the optical properties of the nanoparticles. Understanding laser interactions with particles would also benefit nanoparticle production techniques, since the size, morphology, and number concentration of the particles can also be manipulated with laser irradiation. [2] [3] [4] [5] We previously conducted a series of experiments on the interaction between UV light and combustion-generated soot particles. [6] [7] [8] When soot particles are photofragmented by 193-nm photons, photolyzed carbon atoms are electronically excited and emit fluorescence at 248 nm. The atomic emission can be used to monitor soot concentrations from combustion systems. The particle size distributions before and after laser irradiation revealed that the mean diameter and number concentration of the photofragmented soot particles could be controlled by varying laser parameters. However, in this system carbon oxidation plays a pivotal role in determining the final particle size, since many of the species produced by photofragmentation react with the surrounding air to form gas-phase compounds. As the laser fluence irradiating the soot particles increased, a greater proportion of the original particle mass was lost due to oxidation. Electron microscope analysis also revealed that 193-nm laser irradiation drastically modifies the microstructure of carbonaceous particles.
Here, we investigate the interaction of 193-nm light with NaCl particles. There are several advantages in using sodium chloride; the chemical composition, molecular structure, optical, and material properties are well known, 9 ,10 especially compared to combustion-generated soot, and it does not significantly oxidize, which makes nucleation and agglomeration of the photofragmented particles easier to understand. The original NaCl particles are fractal agglomerates composed of nearly spherical primary particles, similar to that for soot particles.
There are previous studies on laser irradiation of NaCl particles and surfaces. [11] [12] [13] [14] [15] Dickinson and co-workers 13, 15 investigated NaCl surface interactions with 248-nm photons.
Since NaCl is a wide-band-gap material, the bulk surface is not readily photofragmented by these photons. However, they showed that laser ablation could be promoted through an incubation process, where the laser-surface interaction gradually increases when absorption by lattice defects promotes electrons to a conduction band. Laser ablation at 157 nm by Dyer et al. 11 produced detectable amounts of NaCl from the surface approximately at 0.08 J / cm 2 , and they attributed this mainly to photolytic decomposition. However, surface heating is not negligible at higher fluences as a plasma plume can be formed, leading to conductive and radiative heat transfer from the hot gas. These studies focused on material removal of the bulk surface rather than on the behavior of the ablated materials.
Photofragmentation-fluorescence measurement techniques use excimer lasers to generate species that subsequently fluoresce without producing much optical noise. Gas-phase NaCl molecules efficiently absorb 193-nm light, producing sodium fluorescence at the 589-nm doublet ͑Na D line͒ through bond dissociation and electronic excitation. The detection limit is at sub-parts per billion ͑ppb͒ levels. [16] [17] [18] [19] Nunez and Omenetto 14 employed 193-nm photofragmentation to measure this fluorescence from NaCl and other sodium-containing aerosols. They found that the time to reach the maximum fluorescence signal strongly depends on the chemical composition of the particle and the photon energy incident on the particle surface. In addition, the time needed to produce gas-phase species increased with increasing particle diameters.
The purpose of the present study is to understand the effects of UV photofragmentation on the size distribution and morphology of NaCl particles. Here, we investigate ͑1͒ the particle disintegration process and ͑2͒ the mechanisms involved in creating a new mode of particles. Ultimately, this work along with our previous soot studies will contribute to a better understanding of particle disintegration process for laser-based particle measurements and could lead to methods for producing nanoparticles.
II. EXPERIMENT
We used two particle sources to achieve two different size distributions of NaCl particles. The schematic diagrams in Fig. 1 show the two sources. In Fig. 1͑a͒ , air at 5.8 standard liters per minute ͑slpm͒ is supplied to a three-jet Collision nebulizer ͑BGI, CN-24͒, generating droplets from a 0.1M solution of NaCl in de-ionized water. The droplets pass through a diffusion dryer ͑TSI, 3062͒, leaving solid-phase NaCl particles. Approximately 0.22 slpm of this particleladen flow is diluted with air to achieve a total flow rate of 0.3 slpm. These particles have a polydisperse distribution with a mean diameter of 118 nm ͑geometric standard deviation of 1.9͒. Figure 1͑b͒ shows the second source that produces NaCl particles through evaporation-condensation in a tube furnace ͑Lindberg/Blue, TF55030A-1͒, similar to the particle generator developed by Scheibel and Porstendorfer. 20 Air at 12.2 slpm travels through a quartz tube where the salt evaporates at 800°C. The tube is 60 cm in length and 2 mm in thickness. The NaCl vapors in the air stream condense to form particles in the water-cooled region after exiting the oven. Without any dilution 2 slpm of this flow goes to the laser interrogation region. This condition produces polydisperse particles with a mean diameter of 26 nm ͑geometric standard deviation of 1.4͒. Figure 2 shows the laser and measurement systems. An ArF excimer laser ͑Lambda Physik, LPX 210i͒ generates 20-ns pulses of 193-nm photons. The laser beam is mildly focused by a 3.8-cm-diameter, 25-cm focal length, planoconvex lens into a 1 ϫ 1 ϫ 4-cm 3 quartz cuvette that constrains the particle-laden flow. The cuvette is a standard 1-cm path length UV/Vis absorption cell, with the end removed for flow-through operation. The beam-spot size at the surface of the quartz cell is 10 mm in width by 4 mm in height. Laser energy is measured with a Gentec Joulemeter and corrected for ϳ20% absorption and reflection of the cuvette. Laser fluences from 0.08 to 0.23 J / cm 2 at repetition rates of 10, 50, and 100 Hz are used.
A scanning mobility particle sizer ͑SMPS͒ measures the particle size distributions before and after laser irradiation. The SMPS consists of a differential mobility analyzer ͑DMA, TSI 3071A͒ and a condensation particle counter ͑CPC, TSI 3025A͒. In this work, we present the size distributions in a normalized format ͑dNumber/ d log D p ͒ for allowing the distributions to be compared regardless of the channel resolution, while the total concentrations are calculated by summation of the particle number density in each channel. This is a standard representation of aerosol particle distributions using a SMPS. 21 The details of SMPS measurements are reported in previous work. 7 The uncertainty in the size distribution measurements in the present study is estimated to be less than 15%. While the correlation between the actual particle size and the electric mobility diameter measured by SMPS has received attention, 22 we do not convert the particle mobility diameter in this work.
JEOL 6300 scanning electron microscope ͑SEM͒ is used to visualize the microstructure of the NaCl particles. A 47 -mm-diameter Whatman Anodisc membrane filter with a pore size of 20 nm is placed between the cuvette and SMPS to capture the particles before analysis in the SEM. The particles on the filter are coated with a Au/ Pt alloy to enhance their conductivity. Figure 3 presents the size distributions of the NaCl particles as a function of laser fluence from 0 to 0.18 J / cm 2 at a laser repetition rate of 10 Hz. The original, nonirradiated particles produced by the nebulizer system have a mean diameter of 118 nm, a number concentration of 2.2ϫ 10 6 cm −3 , and a volume concentration of 7.1ϫ 10 12 nm 3 /cm 3 ͑ϳ7 ppb͒. At a laser repetition rate of 10 Hz, approximately 80% of the particles are hit by a laser pulse while flowing through the quartz cuvette. Photofragmentation at 0.08 J / cm 2 produces a bimodal size distribution with a new small mode of particles whose mean diameter is approximately 20 nm. As the fluence increases to 0.18 J / cm 2 , the mean diameter of the peak created by photofragmentation increases to 40 nm and the total number concentration increases from 4.1ϫ 10 6 to 1.0ϫ 10 7 cm −3 . The volume concentration remains constant within 8% of the volume concentration of the nonirradiated particles. Table I shows pertinent data for single and multiple shot experiments.
III. RESULTS
The damage threshold of the quartz cuvette for 193-nm light is approximately 0.3 J / cm 2 . Thus, the total energy illuminating the particles is increased by increasing the laser repetition rate instead of further increasing the laser fluence. The size distributions of the photofragmented NaCl particles at 100 Hz are shown in Fig. 4͑a͒ . At 100 Hz, eight laser shots strike each particle on average while traveling through the laser probe volume. The original, nonirradiated particles are the same as in the 10-Hz case and the same range of laser fluences is used. The mean diameter of the newly created peak increases from 27 to 55 nm, and the number concentration increases from 7.9ϫ 10 6 to 1.8ϫ 10 7 cm −3 . Again, the volume concentration is preserved as it varies by less than 8% from the original volume concentration of the particles.
The tail of the size distributions from 100 to 1000 nm is used as an indication of the total volume concentration, since the large particles account for most of the total particle volume or mass. Figure 4͑b͒ , using the same data in Fig. 4͑a͒ , shows the change in the photofragmented particle distributions more clearly in the range of 100-500 nm. For the particles larger than 200 nm, the number concentration is highest for the nonirradiated particles and decreases with increasing laser fluence. Note that a slight decrease in the number concentration of the large particles can produce a large number of small particles; for example, a 1-m particle has the same volume as approximately 15 000 particles with a diameter of 40 nm. This suggests that the large number of new small particles can be generated from the disintegration of the larger particles originally in the flow.
SEM images in Fig. 5 show the effects of UV irradiation on the NaCl particle morphology. Figure 5͑a͒ shows that the original particles from the nebulizer system have a fractal structure composed of nearly spherical primary particles with a diameter of approximately 40 nm. When compared with soot in our previous study, 7 the original NaCl particles have a similar fractal dimension. The NaCl particles irradiated at 0.16 J / cm 2 and 50 Hz in Fig. 5͑b͒ have a large number of smaller and more spherical particles, similar to what was observed with soot particles. In Fig. 6 , the NaCl particles are compared with our previous soot study. 7 The polydisperse agglomerated original soot particles have a mean diameter of 265 nm, a number concentration of 4.5ϫ 10 5 cm −3 , and a volume concentration of 8.6ϫ 10 12 nm 3 /cm 3 . The number concentration of the nonirradiated soot particles is smaller than that of the original NaCl particles while the total volume concentration is comparable. Both NaCl and soot particles are irradiated at 0.18 J / cm 2 . When the particles are irradiated by single shots ͑10 and 20 Hz͒, the size distributions of the photofragmented soot and NaCl particles are qualitatively similar; a new peak with a mean diameter near 40 nm and a number concentration an order of magnitude higher. However, photofragmentation by eight laser pulses ͑100 Hz͒ produces completely different size distributions for NaCl and soot particles. The NaCl particles irradiated by multiple laser pulses have a peak with a larger mean diameter and higher concentration than those irradiated by a single shot. In the soot case, the mean diameter and the number concentration decrease with an increasing laser repetition rate. As discussed earlier, the volume concentration of the photofragmented NaCl particles is conserved over all conditions. The volume concentration of the soot particles irradiated by multiple shots decreases by approximately 90%, and there are virtually no particles larger than 100 nm. The loss of soot volume is attributed mainly to the oxidation of gas-phase species released from the soot surface during the disintegration process. Figure 7 shows the NaCl particles generated in the furnace system. Nonirradiated particles have a mean diameter of 26 nm, a number concentration of 1.4ϫ 10 7 cm −3 , and a volume concentration of 1.9ϫ 10 11 nm 3 /cm 3 . The mean diameter is close to the primary particle size of the NaCl particles from the nebulizer system and the number concentration is about an order of magnitude higher. The flow rate through the 1-cm 2 quartz cell is faster at 2 slpm, resulting in 0.8 shots per particle at 50 Hz. The size distributions of the irradiated particles are very similar to the original, nonirradiated distribution. Note that the total volume of the NaCl particles with a mean diameter of 26 nm is an order of magnitude smaller than that of the particles from the nebulizer ͑ϳ118 nm͒. In addition, the absorption efficiency of 193 -nm photons by the smaller NaCl particles from the oven is more than an order of magnitude larger based on Mie scat- tering calculation. 23 Thus, the number of available photons per each atom ͑photon/atom ratio͒ is also much higher for the particles with a mean diameter of 26 nm. The photon-toatom ratio is more relevant to interpret the physical process involved in laser-particle interactions than the laser fluence often used in describing laser-bulk surface interactions. At the same laser fluence, a majority of the particles from the oven are likely vaporized while only a fraction of the particles from the nebulizer is converted into gas-phase species. The resulting size distributions are similar to the original distribution since the condensation condition is similar to the situation where the particles are originally formed in the cooled region after the furnace. After the particles are converted into gas-phase atoms and molecules by laser irradiation, the species form a self-preserving size distribution by nucleation and agglomeration, which is analogous to the process that the species experience at the furnace exit. If the particles were not completely vaporized, the distribution of the irradiated particles would be different from that of the original particles, as seen in Figs. 3 and 4 , where the larger particles are not completely vaporized by the laser. Laserparticle interactions appear different and distinct from laserbulk solid interactions; these differences can be exploited to produce nanoparticles with different properties than those formed from laser ablation of solids.
IV. DISCUSSION

A. UV photofragmentation
In gas phase, NaCl molecules can absorb 193-nm photons, leading directly to their dissociation. 18 Solid NaCl has an ionic crystal structure with an 830-kJ/ mol energy difference between the valence and conduction bands, so a 193-nm photon ͑620 kJ/ mol͒ cannot directly excite an electron to the conduction band. The surface and lowest bulk exciton bands for NaCl lie approximately at 662 and 758 kJ/ mol, respectively. [24] [25] [26] However, electronic excitation for NaCl or other wide-band-gap alkali halide insulators is often achieved through coherent two ͑or more͒ photon absorption process. 27 The electronically excited atoms, molecules, and ions then dissociate from the surface that can be interpreted with the Menzel-Gomer-Redhead ͑MGR͒ scenario of desorption induced by electronic transitions ͑DIET͒.
28 Lattice defects, such as foreign atoms or vacancies, open another pathway for electronic excitation with photons of sub-bandgap energy. The sequential two-photon absorption via intermediate defect states promotes electronic excitation and subsequent material decomposition. For instance, contamination of hydroxyl ions in NaCl crystals provides an absorption band peaking at 192 nm that may serve as an intermediate state in multiphoton absorption process of NaCl. 29 Multiphoton absorption of 193-nm photons likely leads to particle disintegration through a photochemical bond breaking process since the overall thermalization of the excitation energy is slow; 27 the electronically excited ͑ϳ10 −15 s͒ species overcome long-range attraction by gaining kinetic energy from short-range repulsion during the vibrational period ͑ϳ10 −13 s͒. Thus, the overall species ejection time scale is approximately 10 −12 s while relaxation from the interband electronic excitations in nonmetal insulators is much longer, typically, 10 −12 -10 −6 s. 27 The bondbroken species are ejected in a few picoseconds due to the increase of specific volume, forming an outgoing shock wave. 30 Nanoscale particles are more vulnerable to photodecomposition than a bulk solid due to their high surface-tovolume ratio. Li et al. 31 observed neutral atoms ejected from alkali halide nanocrystals irradiated by 193-nm photons with a photofragmentation quantum yield near unity, where the incident photon energy nearly matches the surface exciton band 25, 32 below the bulk absorption edge. The 193-nm laser irradiation does not significantly increase the thermal energy of the particles as we observe no blackbody-type radiation associated with particle heating or plasma formation 7, 8, 33, 34 from different particles, including NaCl, soot, polystyrene, and gold. The sodium D line was observed ͑not shown here͒ with a signal-to-noise ratio of approximately 15 in the photofragmentation-fluorescence measurement of NaCl particles at fluences above 0.3 J / cm 2 . If the particles were heated by the laser pulses ͑e.g., to 3000 K͒, thermal emission peaking at 1 m should be observed. When we replaced the excimer laser with a frequency-doubled Nd:YAG ͑yttrium aluminium garnet͒ laser at 532 nm at the same fluence, the particles exhibited long lifetime broadband incandescence. This experimental result indicates that particle interaction with 193-nm photons is primarily photochemical while visible photons significantly increase the particle temperature, consistent with other studies. [35] [36] [37] [38] Michelson 37 showed that 532-nm laser irradiation predominantly heats soot particles, but at high fluence conditions nonthermal desorption of neutral atoms and molecules from the particle surface can occur through electronic excitation and in turn decrease the particle size. Srinivasan 39 found that photochemical component becomes more important as the laser wavelength decreases and concluded that photochemical decomposition dominates at 193 nm. In addition, we observed that the 193-nm pulses photofragment nanoparticles with a quantum efficiency near unity. 33 It is very difficult evaluating the exact fraction of the absorbed photons that are converted to thermal energy since the majority of the photons are used for photochemical disintegration of the NaCl particles, and the relevant photophysical processes are not well understood. 40 Oman and Garrett 41 roughly estimated the temperature increase of a graphite surface irradiated at 193 nm to be approximately 160 K. If we assume that the temperature of the NaCl particles increases by 200 K after irradiation, a simple calculation of radiation and conduction shows that particle cooling is terminated in 130 and 450 ns for 40-and 120-nm particles, respectively. These time scales are comparable with the 500-ns duration of soot oxidation observed in our two-laser study. 8 In other experiments in our laboratory we found that polystyrene nanospheres and bulk solid exhibit similar temporal characteristics when irradiated at 193-nm; photofragmentation-fluorescence signals from both objects decay exponentially in about 10 ns. 33 However, a plasma was formed approximately at 10 9 W/cm 2 for the 100-nm nanospheres, while plasma formation was observed near 10 7 W/cm 2 from the bulk solid. Small particles interact differently with lasers than gas or bulk solids. Several researchers observed that the presence of particles in a gas reduced the optical breakdown threshold through intense laser vaporization of the particles followed by cascade collision ionization. [42] [43] [44] [45] [46] The breakdown of pure air by a 10.6-m laser occurs at approximately 4 ϫ 10 9 W/cm 2 ; the threshold decreases to 7 ϫ 10 8 W/cm 2 for 3-m NaCl particles in air. 43 The gas breakdown threshold is also a function of the particle size for these mixtures. The experimental and theoretical results by Lencioni 43 and Smith 46 showed that the breakdown threshold monotonically decreases with increasing particle diameter in the 1 -20 m range, and approaches the value corresponding to the laser-bulk solid interaction; e.g., 10 8 W/cm 2 for solid NaCl. As the particles become smaller, the threshold approaches that of a pure gas. Note that the absorption process, the particle size ͑or total number of atoms͒, and the chemical composition dictate the mode of photodecomposition of the particle surface and the behavior of the ejected species. Nanoparticles are photochemically disintegrated when irradiated by 193-nm photons at fluences of 10 7 -10 9 W/cm 2 . This distinguishes photofragmentation fluorescence from other spectroscopic techniques such as laser-induced incandescence ͑LII͒ and laser-induced breakdown spectroscopy ͑LIBS͒. LII often uses a pulsed laser of a longer wavelength, such as 532 or 1064 nm, with laser intensity of approximately 10 7 W/cm 2 to heat the particles. 37 On the other hand, the laser power in a LIBS experiment is usually greater than 10 9 W/cm 2 , which produces a plasma plume where the temperature can be greater than 10 000 K, generating a continuum emission.
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B. Nanoparticle production
ArF laser irradiation at the lowest fluence ͑0.08 J / cm 2 ͒ with a single shot per particle in Fig. 3 produces a bimodal size distribution. The new peak created by laser irradiation is at approximately 20 nm and the number concentration of the distribution is 4.1ϫ 10 6 cm −3 . As the laser fluence increases, the peak diameter and concentration of the new mode of small particles also increase. These small particles are generated by photofragmentation of large agglomerates originally in the particle-laden flow with the total volume conserved. The absorbed photon energy is efficiently used to convert a portion of the particles into gas-phase atoms and molecules. After irradiation, the gaseous species undergo homogeneous nucleation to form new primary particles or interact with small fragments and primary particles, which may be released during photofragmentation, leading to heterogeneous nucleation ͑or surface growth͒. Agglomeration of the newly created primary particles and fragments also occurs. At a fluence of 0.08 J / cm 2 , only a small fraction of the original particles is affected since there is not enough energy to completely fragment or dissociate every particle. As the fluence increases, a greater proportion of the particles is disintegrated into gaseous species and fragments. The higher concentration of the liberated species and fragments also promotes interactions among them. Agglomeration of the fragments, nucleation, and surface growth are all enhanced, resulting in an increase of the mean diameter and number concentration of the new small particles produced by photofragmentation. Similar phenomena were observed with polystyrene nanospheres in our laboratory. When monodisperse polystyrene nanospheres with a diameter of 100 nm were irradiated by 193-nm light, a new mode of smaller particles was generated; the smaller particles had a mean diameter near 20 nm and a number concentration an order of magnitude higher than the original particles. As the incident fluence increased, the mean size and number concentration of the new small particles also increased, suggesting that the new particles were produced by a similar process to that described above for NaCl particles.
These trends continue in the case of multiple laser shots in Fig. 4 . The mean diameter grows from 27 to 55 nm and the number concentration increases from 7.9ϫ 10 6 to 1.8 ϫ 10
7 cm −3 with eight laser shots striking each particle. There is more than 100 ms between each laser pulse. During this time, the ejected gaseous species condense to form primary particles through nucleation and surface growth, and agglomeration further modifies the particle size distribution and morphology. Our two-laser study of NaCl particles confirmed that particle formation was completed within 500 s. Once the particles reform after the first pulse, the second pulse photofragments the created particles. The particles go through another similar process of fragmentation and reforming. Figure 8 shows the ratio of the volume of the small particles in Figs. 3 and 4 to the total volume of the distribution as a function of the laser fluence. The size distributions for 50 Hz are not presented in Figs. 3 and 4 since they are almost same as the 100-Hz case. The small particles are defined as the particles generated by photofragmentation that are smaller than the original mean diameter of the nonirradiated particles ͑118 nm͒. The volume fraction of the small particles monotonically increases with the laser fluence at all laser repetition rates. However, there is no significant difference ͑within the measurement uncertainty described earlier͒ when four or eight shots/particle are used; both produce about twice the volume fraction of small particles as the single shot case. Note that the incident photon energy is not enough to convert the entire particles into gas-phase species; small particles can be completely vaporized while a portion of large agglomerates is disintegrated into gaseous species.
When NaCl particles with an initial mean diameter of 26 nm are irradiated with a single laser pulse at 0.11 and 0.23 J / cm 2 , the size distributions of the particles are very similar to the nonirradiated distribution ͑Fig. 7͒. The number of absorbed photons to the number of atoms in the particles ͑or photon/atom ratio͒ can be used to explain these results. For nanoscale particles, the photon/atom ratio is more relevant than the fluence because the absorption efficiency and total number of atoms are functions of particle size, and the number of available photons can limit the extent of particle disintegration. Table II shows the photon/atom ratios for various fluence conditions used in the present study. The ratios are calculated with the surface area and volume of the particles from SMPS results, assuming that all the photons striking the particles are absorbed. The photon/atom ratio ͑PAR͒ is useful in considering the energy balance for each particle and is inversely proportional to the particle mean diameter. The PARs are much higher for particles with a mean diameter of 26 nm than those of 118 nm. In addition, the absorption efficiency of 26-nm particles is more than an order of magnitude larger than 118-nm particles, suggesting that a majority of the particles originally with a mean diameter of 26 nm are likely converted into gas-phase species by 193-nm light. The gas-phase species recombine to form particulate matter whose distribution is similar to that of the nonirradiated particles since the condensation conditions are similar to where the particles were originally formed in the cooled region downstream of the tube furnace. If the particles were not completely vaporized by the laser, we would expect a mode of particles with a different size distribution, as observed previously in Figs. 3 and 4.
C. NaCl versus carbonaceous particles
Photofragmentation of soot particles at 193 nm also produces a new mode of particles as shown in Fig. 6 . When irradiated by a single laser pulse, the mean diameter of the small particles is similar to the primary particle size and the number concentration becomes one order of magnitude higher, similar to the results for the NaCl particles. However, when multiple laser shots are used, the mean diameter, number, and volume concentrations of the new particles are all reduced. The soot fragmentation species can oxidize, forming gaseous CO or CO 2 . In addition, oxygen atoms or ozone generated by the 193-nm light in air can oxidize the carbon atoms on the particle surface. When the soot was irradiated in a N 2 environment, the particle loss was reduced. 7 The reactions of the liberated gaseous species and fragments is complete within 500 ns, as previously confirmed by our twolaser study of soot. 8 Successive laser pulses can vaporize more of the smaller soot particles, resulting in a loss of mass and a smaller mode of the observed particles. NaCl will not oxidize or react with oxygen or ozone, so the gas-phase species will recondense, forming larger particles as the fluence increases, with no loss of mass to stable gaseous species. 
D. Particle morphology
In Fig. 5 , the SEM images of the NaCl particles show a drastic change in particle morphology from 193-nm laser irradiation. The original particles have a fractal structure. Although we have not carried out a formal statistical analysis, the fractal dimension of the NaCl particles appears to be close to the value of combustion-generated particles, which is approximately 1.8. After irradiation, the agglomerates become less fractal and more spherical with a fractal dimension near 3. A number of SEM images ͑not shown͒ reveal that the irradiated particles have a smaller diameter and are present in a much larger number than the original particles, which is qualitatively consistent with SMPS results. In a majority of the spherical agglomerates, the shape of the primary particles is distinct, suggesting that they have not coalesced. A possible route of forming these spherical agglomerates is collision of the primary particles with the same charge. Although we do not see any broadband emission associated with plasma formation during photofragmentation, some ionization likely occurs. Thomson et al. 48 and Thomson and Murphy 49 estimated that the ion formation threshold for 193-nm laser irradiation in vacuum is near the fluence used in this study. The partial ionization can make a portion of the formed primary particles charged. These charged primary particles undergo a collision process, forming spherical clusters. This process is called Eden growth, which occurs through the primary particle-cluster aggregation in a reaction-limited regime. [50] [51] [52] Similar phenomena were observed in photofragmentation of combustion-generated soot. 7 Laser irradiation of soot particles at 100 Hz produced a few ϳ1 m spherical clusters as well as a large number of small spherical particles. The size and spherical shape of the irradiated particles confirm that particles are certainly disintegrated by photofragmentation and reformed, suggesting that 193-nm light irradiation can control particle size and morphology and be possibly useful for nanoparticle technology.
V. CONCLUSIONS
The interaction of NaCl nanoparticles with 193-nm light is studied to gain understanding of particle disintegration and production by UV photofragmentation. Irradiation of the particles by 193-nm photons with the fluence of 0.08-0.18 J / cm 2 at 10 and 100 Hz produces a new mode of particles with a smaller mean diameter and a number concentration higher than the original particles. The mean diameter of the irradiated particles increases from 20 to 55 nm, and the number concentration of particles increases from 4.1ϫ 10 6 to 1.8ϫ 10 7 cm −3 over the laser conditions studied. During the laser pulse, a portion of the original particles is disintegrated into gas-phase species depending on the photon energy density. The ejected gaseous species recondense to new primary particles through homogeneous nucleation and surface growth on the fragments released by photofragmentation. Agglomeration of the newly created primary particles and the fragments further modifies the size distribution and morphology. The mean diameter, number, and volume of the small particles created by irradiation monotonically increase with the incident laser fluence. The concept of the number of photon to the number of atoms in the particles ͑photon/atom ratio͒ is introduced to analyze the extent of particle disintegration by UV photons. In the case of the carbon-based particles, the volume of the particles is lost by oxidation of gas-phase species generated by intense UV photon irradiation. Loss of particle volume by successive photofragmentation reduces the mean diameter and number concentration.
SEM images qualitatively show the modification of the particle size and morphology by laser irradiation. The original, nonirradiated particles are fractal in shape, while the irradiated particles become spherical clusters composed of the primary particles. In conclusion, the particle disintegration and production processes are analyzed for photofragmentation in laser-based particle measurements and this technique could be used for size and morphology control of nanoparticles. 
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